Obesity is associated with chronic low-grade inflammation of the adipose tissue (AT) that might develop into systemic inflammation, insulin resistance (IR) and an increased risk of type 2 diabetes mellitus (T2DM) in severe obese rodents and humans. In the lean state, small normal adipocytes and AT macrophages interact with each other to maintain metabolic homeostasis but during obesity, enlarged adipocytes secrete inflammatory mediators and express immune receptors to recruit immune cells and aggravate the inflammation. The better understanding of the obesity-related inflammatory milieu and the sequential events leading to IR could be helpful in designing new preventive and therapeutic strategies. The present review will discuss the cellular and molecular abnormalities participating in the pathogenesis of obesity in obese individuals as well as high-fat diet (HFD)-fed mice, a mouse model of obesity.
| INTRODUCTION
The number of obese individuals has increased worldwide, and obesity has become epidemic over the last few decades. Obesity, which is defined by body mass index (BMI, in kg/m 2 ) of 30 and above, substantially increases the risk of metabolic syndrome and type 2 diabetes mellitus (T2DM). 1 Despite being the primary site of nutrient storage, adipose tissue (AT) acts as an endocrine organ secreting a large number of factors to control immune cell functions. 2, 3 AT is mostly composed of adipocytes but other cells, including fibroblasts, endothelial cells, mesenchymal stem cells and various immune cells are also present populating the stromal vascular fraction (SVF) of the loose connective tissue. 4 In lean individuals, innate immune cell subsets, including eosinophils, invariant natural killer T (iNKT) cells, innate lymphoid cell type 2 (ILC2s), secrete several cytokines (IL-4, IL-5, IL-10 and IL-13) to maintain AT homeostasis and prevent pro-inflammatory immune cell activation ( Figure 1A ). [5] [6] [7] [8] During the progression of obesity, the size and numbers of adipocytes increase which causes AT hypoxia and subsequent chronic inflammation ( Figure 1B) . 9 In addition, obese animals have elevated serum levels of free fatty acids (FFAs) that promote their deposition within the AT, skeletal muscle and liver. Furthermore, immune cells undergo both qualitative and quantitative changes that make AT a site of pathological immune activation and chronic low-grade inflammation. Obesity enhances the infiltration of neutrophils and macrophages into the AT and activates their pro-inflammatory phenotype eventually causing tissue inflammation. 10, 11 Neutrophils are the first immune cells infiltrating the AT of obese rodents and humans, 12, 13 whereas macrophages are recruited later and their numbers are positively correlated with insulin resistance (IR). 14 Obesity has well been shown to increase the levels of inflammatory factors, including Creactive protein (CRP), serum amyloid A (SAA), galectin-3, tumour necrosis factor (TNF)-ɑ, IL-6, IFN-γ, MCP (monocyte chemoattractant protein)-1/CCL2, macrophage migration inhibitory factor (MIF), IL-8, leptin, and leukotriene (LT)-B4 within the AT and the serum of obese animals. 15, 16 Additionally, obesity-induced inflammation causes an influx of B cells and T cells into the AT over time. 17, 18 Obesity-related immune activation induces systemic IR that predisposes affected animals to develop T2DM. In the present review, the roles of white AT-resident cells as well as SVF-recruited cells in the induction of inflammation within the AT of obese animals and progression towards IR will be discussed.
| WHITE ADIPOSE TISSUE (WAT) IN HEALTH AND OBESITY
WAT (or simply AT) is a metabolically dynamic multicellular tissue that stores excess calories and releases fatty acids into the blood stream in response to energy shortage.
AT constitutes approximately 20% of total body weight in lean individuals (BMI: 22-23) but nearly half of body weight in obese people (BMI: >30). In lean individuals, it is mainly located at the visceral and subcutaneous depots. Visceral AT contains lymphoid tissues called fat-associated lymphoid clusters (FALCs) that, unlike lymph nodes, are not encapsulated but are rapidly induced after peritoneal inflammation. 19 Despite being the main source of energy,
AT acts as an endocrine organ that actively synthesizes and secretes a wide range of molecules such as growth factors, peptide hormones, cytokines, chemokines and components of the complement system (Table 1) . 20, 21 Normally,
AT expresses several nuclear steroid hormone receptors called peroxisome proliferator-activated receptor (PPARs). Their activation by fatty acid (FA) derivatives induces the maturation of pre-adipocytes into adipocytes, upregulates genes related to lipid metabolism and suppresses inflammatory gene products. [22] [23] [24] [25] [26] PPAR-γ expression by adipocytes is critical for their maturation and the maintenance of their matured phenotype. 24 PPAR-γ regulates the expression of CD36/fatty acid translocase (FAT) on the surface of adipocytes and mononuclear phagocytes. 27, 28 The scavenger receptor CD36 binds to lipoproteins and long-chain fatty acids and transports them across the plasma membrane, thus participating in the uptake, storage and utilization of lipids. It also facilitates the internalization of apoptotic cells by phagocytes. 27 CD36 is highly expressed in the AT of obese animals as well as patients with T2DM, where it cooperates with TLR2 and TLR4 to activate the innate and adaptive immune responses leading to enhanced secretion of pro-inflammatory cytokines. 29, 30 In high-fat diet (HFD)-fed mice, elevated levels of circulating FFAs activate CD36-expressing macrophages and adipocytes, induce their pro-inflammatory phenotype and impair their insulin signalling. 31 AT also expresses func- glucose homeostasis. 8, 37, 38 Overnutrition activates adipocytes to uptake excess lipids and hence prevent ectopic lipid accumulation in other tissues. After HFD in mice, adipocyte hypertrophy (increase in cell size) and hyperplasia (increase in cell numbers) occur within about 1 and 2 months, respectively. 39 Hypertrophic adipocytes express high levels of major histocompatibility complex (MHC)-II and act as antigen-presenting cells (APC) to activate IFN-γ-producing Th1 cells in an antigen (Ag)-specific, contact-dependent manner. 40 Hypertrophic and/or hyperplastic adipocytes induce a persistent hypoxic state in the AT that upregulates the expression of hypoxia-inducible factor (HIF)-1ɑ within adipocytes. 41 HIF1α is rapidly degraded under normoxic conditions but becomes stably expressed in the AT of obese animals, where it enhances the activity of nuclear factor (NF)-κB in the AT-resident cells, and subsequently increases the production of pro-inflammatory cytokines but decreases the induction of immune regulatory mediators ( Figure 1C ). 42 AT hypoxia recruits F4/80 + macrophages and CD8 + cytotoxic T (Tc) cells around the adipocytes; downregulates the expression of adiponectin but upregulates the expression of several genes, including vascular endothelial growth factor (VEGF), leptin, matrix metalloproteinase (MMP)-2 and MMP-9, and endoplasmic reticulum (ER) stress genes, which initiate inflammatory immune responses, tissue fibrosis and IR. [43] [44] [45] [46] Inhibition of HIF-1α using PX-478 in HFD-fed mice causes a significant metabolic improvement, weight gain reversal, and reduced fibrosis and inflammatory infiltrates within the AT. 41 Additionally, enlarged adipocytes produce higher levels of reactive oxygen species (ROS) that in a dose-dependent manner inhibit immune regulatory adipokine production and induce inflammation and IR in the AT. 47 In support, obese animals have been shown to have reduced serum levels of adiponectin. 48 Besides, large adipocytes express higher levels of SAA and leptin, which might link the larger cells with IR. 49 SAA activates stromal vascular cells (especially neutrophils and monocytes) to express and release pro-inflammatory cytokines and chemokines such as TNF-α, IL-6, IL-1β, MCP-1, MIP1ɑ and IL-8 that in turn block insulin receptor signalling and induce IR in the insulin target tissues, including AT, skeletal muscle and liver. [50] [51] [52] Hyperinsulinaemia due to IR in obese animals reduces Treg numbers and impairs their effector functions. 37, 53 Moreover, TNF-α increases the expression of miR-155 in adipocytes which targets PPAR-γ mRNA and amplifies the inflammatory status. 54 Interestingly, TNF-α and IL-1β mediate the production of IL-13 and reduced levels of IL-4 by adipocytes, which reduce AT inflammation and IR. 55, 56 Pro-inflammatory adipokine leptin that is mainly produced by adipocytes is capable of activating both innate and adaptive immune responses. It upregulates phagocytic activity and pro-inflammatory cytokine and chemokine production by monocytes/macrophages. 57 Leptin activates the anti-apoptotic pathways within dendritic cells (DCs), upregulates their cytokine and chemokine production, increases their immune-stimulatory effects and licences them for Th1 priming. 58, 59 It also indirectly activates neutrophils and stimulates their chemotaxis towards the inflamed AT. 60 Furthermore, it protects NK cells from apoptosis and improves their proliferation and cytotoxic effects. 61, 62 It further improves the survival of eosinophils and induces their release of chemokines and inflammatory cytokines. 63, 64 In addition, leptin is needed for the proliferation and inflammatory cytokine production by activated T cell. 65 Therefore, it is obvious that leptin has multiple effects controlling the AT homeostasis. 
| Monocytes and macrophages

| Eosinophils
Eosinophils are recruited into the AT of obese animals in response to adipocyte-derived chemokines MCP-1 and CCL11 (eotaxin-1). 8, 121, 122 In addition, leptin upregulates the expression of CD18 and ICAM-1 on the surface of eosinophils, improves their transmigration into the inflamed tissues and increases their survival. 64 Adipocytes also promote the survival of eosinophil via the expression of GM-CSF, IL-3 and IL-5. 122 Eosinophils are the main source of IL-4 and IL-13 in the AT which are essential for the maintenance of M2-like macrophages (Table 1) . 8 IL-5, which is mainly produced by AT-resident ILC2, regulates growth, differentiation and maturation of eosinophils; prolongs their survival; increases their chemotactic activity; and enhances their effector functions. [123] [124] [125] [126] It has been shown that HFD in eosinophil-deficient ΔdblGATA mice increases the infiltration of macrophages, CD4 + T cells and B cells; enhances the expression of IFN-γ; and decreases the expression of IL-4 and IL-13 within the AT that are positively correlated with increased body weight and IR. 8, 122 Conversely, HFD in hyper-eosinophilic IL-5 transgenic mice causes eosinophil recruitment into the AT, M2-like macrophages accumulation and prevention of IR. 8 However, Bolus et al revealed that increasing the numbers of eosinophils in HFD-fed mice using recombinant IL-5 is not sufficient to improve obesity-related metabolic dysfunctions. 127 These conflicting results reveal that further studies are needed to clearly determine the precise role of eosinophils in the AT of obese animals.
| ILCs
ILCs are classified into three subsets termed ILC1, ILC2 and ILC3 based on their ability to produce cytokines related to Th1, Th2 and Th17 patterns, respectively. 128 In response to the epithelial cell-derived cytokines, including thymic stromal lymphopoietin (TSLP), IL-25 and IL-33,
AT-resident ILC2 produces high levels of IL-5 and IL-13 that are essential for the recruitment of eosinophils and maintenance of M2 macrophages, respectively (Table 1) . 126, [129] [130] [131] In the absence of ILC2, the numbers of AT-resident eosinophils and M2-like macrophages are significantly reduced. 6 Recently, Lu et al have shown that increased activity of ILC2s in T2D patients with nephropathy causes chronic inflammation and abnormal metabolic homeostasis. 132 Oldenhove 
| iNKT cells
iNKT cells express high levels of the transcription factor promyelocytic leukaemia zinc finger (PLZF) and are specifically characterized by an invariant T cell receptor composed of Vα24-Jα18 paired with Vβ11 in humans and Vα14-Jα18 paired with a narrow set of Vβ chains in mice (Vβ2, Vβ7 and Vβ8.2). iNKT cells recognize glycolipids such as alpha-galactosylceramide (-Gal-Cer) presented by CD1d molecule. 135 Surprisingly, iNKT cell functions are modulated by CD1d-expressing adipocytes that act as a functional lipid APCs. 7 iNKT cells represent up to 6% of lymphocytes within the AT and are required for the generation of FALCs. 19 Upon activation, iNKT cells can secrete a broad range of cytokines (Table 1) . 136 They enter the AT in a CCR2-CCL2-dependent manner and their numbers are greater in the AT than in peripheral blood. 7 In lean humans and mice, they constitute approximately 10% of the AT-T cells while their numbers are decreased in obese animals. 5, 137 There infiltration of M1 macrophages into the AT and induces IR. 
| MAIT cells
Mucosal-associated invariant T (MAIT) cells are innate-like T cells that express the transcription factors PLZF, ROR-γt and T-bet. 141 They also express a conserved T cell receptor (TCR) consisting of an invariant α-chain (Vα19-Jα33 in mice and Vα7.2-Jα33,20,12 in humans) plus a narrow set of β-chains. 142 MAIT cells recognize vitamin B metabolites presented by the monomorphic MHC-I-related protein MR1; release IL-17, IL-22, IFN-γ and TNF-ɑ; and kill target cells through production of perforin and granzyme B (Table 1) . 142, 143 MAIT cells are also activated independent of MR1 by IL-12 and IL-18 that enhance their ability to produce higher levels of IFN-γ. 142 During childhood obesity, the number of circulating IL-17-producing MAIT cells is increased in comparison with leans that is positively correlated with BMI. 144 The increased frequency of IL-17-producing MAIT cells in obesity is correlated with IR and hyperglycaemia. 144 However, it has been shown that the frequency of IL-17-producing MAIT cells is declined with age in the obese cohort children. 144 In adulthood obesity and T2D, due to the activation-induced cell death, the frequency of circulating MAIT cells is dramatically decreased but the remaining have an activated phenotype and produce high levels of Th1 and Th17 cell-related cytokines, including IFN-γ, IL-2, granzyme B (GrB), TNF-α and IL-17. 
| ADAPTIVE IMMUNE RESPONSES
At steady state, high numbers of memory lymphocytes populate the FALCs portion of the AT, which expand rapidly in response to local inflammation. . 155 Trm cells also express CD11a, Ly-6C, CD122 (IL-2/IL15Rb), CCR9 and CD127 (IL-7Ra). 155 The kinetic of the immune cells infiltrations into the AT has revealed that T cells recruitment occurs by 4-6 weeks after HFD in mice. 17, 156 Lymphocytes, especially CD8+ T cells, are recruited into the inflamed AT, which, in turn, facilitate the infiltration and activation of other immune cells such as macrophages. 17 During the progression of obesity, the numbers of AT-resident CD8 + T cells and Th1 cells become predominant, which contribute to the inflammation and insulin resistance, whereas Th2 and Treg cells numbers are gradually decreased. 17, 157 CD8 + T cells have an important role in the pathogenesis of obesity-related IR, and their deletion with a specific monoclonal antibody in HFD-fed mice ameliorates IR and glucose intolerance. 17 It has also been shown that HFD in mice increases the numbers of senescent Th1 cell-producing high levels of pro-inflammatory cytokine osteopontin (OPN) within the AT. 158 [158] [159] [160] Adoptive transfer of these senescence-associated T cells (SA-T cells) into the lean mice feeding a normal diet induces AT inflammation and IR. 158 In addition, the humanized mouse model of OPN/SPP1 (hSPP1) has facilitated research regarding the roles of this molecule in obesity and IR. 161 Compared to wild-type (WT) animals, low-fat diet-fed hSPP1 mice are not different in body weight, fasting serum insulin and behavioural characteristics but have already enlarged adipocytes and elevated levels of hSSP1 expression in their gonadal AT and liver. 161 After HFD feeding, homozygous hSPP1 mice did not express mouse SSP1 (mSPP1) in their ATs (gonadal and subcutaneous) and in the liver while WT mice had significantly elevated levels of mSPP1 mRNA in their ATs and liver in comparison with respective lean controls. 161 However, the expression of human SPP1 mRNA remained unchanged in gonadal AT but was significantly increased in subcutaneous AT and decreased in the liver of hSSP1 mice compared to lean controls. 161 Furthermore, serum levels of human SPP1 also remained unchanged in these mice. 161 In addition, Khan et al have revealed that adoptive transfer of Th1 cells into HFD-fed TCR-β −/− mice, which are protected from inflammation, causes immune cells infiltration in the AT and subsequent IR. 162 Stimulation of immune cells derived from the AT of HFD-fed mice in vitro produces higher levels of IFN-γ compared to those cells obtained from healthy mice. 163 The importance of IFN-γ in the pathogenesis of obesity has been shown by using HFD in IFN-γ −/− mice that significantly decreased the infiltration of immune cells and their cytokines (TNF-ɑ, MCP-1) within the AT and improved insulin sensitivity compared to normal mice. 163 Furthermore, the transcriptional regulators IRF4 and BATF are essential for their differentiation through regulating the expression of PPAR-γ and ST2. 172 The nuclear receptor PPAR-γ collaborates with Foxp3 to regulate the gathering of AT-Treg cells and maintain their phenotype and functions. 173 Furthermore, PPAR-γ expression by AT-Treg cells is crucial for the total restoration of insulin sensitivity in obese mice using the thiazolidinedione drug pioglitazone. 173 PPAR activation in T lymphocytes inhibits their proliferation and production of pro-inflammatory cytokines. 174, 175 In HFD-fed mice, PPARγ activation using pioglitazone, a synthetic PPARγ agonist, selectively increases the numbers of Tregs within the AT and improves insulin sensitivity. 173 Mice with PPARγ −/− specific to Foxp3 + cells show a significant decrease in the number of AT-Treg cells and have AT inflammation. 173 However, in obese animals, in response to hyperinsulinaemia, Tregs lose their regulatory functions and fail to produce IL-10 but generate high levels of IFN-γ. 53 These cells are CD39 + and CTLA-4 + and produce TGF-β but cannot suppress TNF-ɑ production by M1 macrophages and promote the inflammatory responses within the AT. 
| B cells
The stromal cells of the FALCs express high levels of the CXCL13 chemokine which facilitates the retention of B-1 cells within the peritoneal cavity and supports their proliferation and germinal centre formation. 19 Ab and preferentially localize to the CLS regions (Table 1) . 18 AT-B2 cells promote the activation of CD4 + and CD8 + T cells (in a contact/MHC-dependent manner), enhance the production of pro-inflammatory cytokines and facilitate the polarization of M1-like macrophages. 18, 182, 183 HFD-fed in B cell-deficient (B null ) mice generate few proinflammatory AT-M1-like macrophages while after IgG transfer from HFD-fed WT mice, M1-like cells become dominant. 18 Regulatory B cells (Bregs), which constitutively produce IL-10 and TGF-β, are also recruited into the AT of HFD-fed mice in a SDF-1/CXCL12-CXCR4 manner and prevent the excessive inflammatory responses. 184 In support, B cell-specific IL-10 deletion increases the numbers of CD8 + T cells and M1-like macrophages within the AT of HFD-fed and lean mice. However, much more studies are still needed to recognize the precise sequential immunologic events leading to inflammation in obese animals.
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